light field. It can acquire the information of object from the second-order spatial intensity autocorrelation of light field in a single-shot measurement. The field of view and resolution of lensless Wiener-Khinchin telescope are quantitatively characterized and analyzed comparing with experimental results. As a new lensless imaging method, lensless Wiener-Khinchin telescope can be applied in many applications such as astronomical observations and X-rays imaging.
INTRODUCTION
Resolution is always an important issue in various fields of scientific researches and engineering applications, including microscopy, astronomy, and photography. Many great work and discussions of resolution have been made by a lot of researchers [1, 2] . From these work, we know that the operating wavelength λ and the aperture D of imaging system are two key parameters for optical resolution [1, 2] . Normally, the resolution is proportional to λ/D, therefore, in order to achieve higher resolution, shorter wavelength and larger aperture is required. With the increase of optical aperture, manufacturing of a traditional monolithic aperture optical telescope system has become increasingly difficult. In order to break through the limitation of conventional monolithic aperture lens, deployable segmented imaging [3] , membrane imaging [4] , diffractive imaging [5, 6] , lensless imaging [7] [8] [9] [10] [11] [12] [13] [14] [15] , Fourier-transform telescope [16, 17] , and interferometric synthetic aperture imaging [18, 19] are proposed respectively. In these imaging methods, lensless imaging as a computational imaging method is an appropriate scheme for more and more large (decameters and hectometers) aperture of imaging system.
In the last few years, lensless point-scanning imaging [7] , coherent diffractive imaging [9, 10, 20, 21] , lensless compressive sensing imaging [8, 13, 14, 22] , and lensless ghost imaging [11, 12, 23] etc. have obtained considerable development. Different from conventional imaging, ghost imaging (also called as correlated imaging) [24] [25] [26] [27] obtain the information of object through second or higher order intensity mutual-correlation of light fields with and without targets, which open new avenues of lensless imaging from the perspective of the imaging mechanism.
According to illumination source, ghost imaging with thermal light can be classified to two categories: ghost imaging with pseudo-thermal light and ghost imaging with true thermal light or sunlight [28] . Ghost imaging with true thermal light or sunlight has been demonstrated by detecting the temporal fluctuation of light filed, and imaging information was obtained by the second-order intensity correlation of light fields with and without targets in time domain [12, 29] . This scheme requires that the time resolution of detector is close to or less than the coherence time of light field τ = λ 2 /∆λ c ∝ 1 λ ( λ is the center wavelength, ∆λ is the wavelength bandwidth, c is the speed of light) which can be as short as femtosecond [12, 28, 30] . In another scheme for ghost imaging with true thermal light or sunlight, the true thermal light or sunlight is modulated into a spatially fluctuating pseudo-thermal light field by utilizing a spatial random phase modulator, and the object is obtained by the secondorder intensity mutual-correlation of light fields with and without targets in spatial domain [28] . Therefore, the information of an object can be acquired in a single-shot measurement, and high time resolution isn't required in this scheme.
In this paper, we propose a lensless Wiener-Khinchin telescope based on high-order spatial autocorrelation of light field (conveniently called 'lensless Wiener-Khinchin telescope'). By modulating the true thermal light from each point of the object into a spatial pseudo-thermal light with a spatial random phase modulator, it obtains the information of an object from the second-order spatial intensity fluctuation autocorrelation of light field. Lensless Wiener-Khinchin telescope expands the ghost imaging technology based on mutual-correlation of light fields with and without targets to autocorrelation of light field with targets. As a new lensless imaging scheme, it will open a convenient and feasible way for applications in astronomical observation, remote sensing, and X-rays imaging.
METHOD A. System Schematic
The schematic of a lensless Wiener-Khinchin telescope ( Figure  1 ) consists of a spatial random phase modulator and a chargecoupled device (CCD) detector. CCD detector is fixed behind the spatial random phase modulator, which detects the intensity distribution of modulated light field. The object is illuminated by a true thermal light source. Fig. 1 . Schematic of lensless Wiener-Khinchin telescope based on high-order spatial autocorrelation of light field. It consists of a spatial random phase modulator and a CCD detector. CCD detector is fixed behind the spatial random phase modulator, which detects the intensity distribution of modulated light field. The illumination source is a true thermal light source.
According to the incoherent imaging theory [31] , the measured intensity distribution on the CCD detector is
where I 0 (r) is the intensity distribution in the object plane, h I (r 0 ) is the incoherent intensity impulse response function, r is the coordinate in CCD detector, r 0 is the coordinate in the object plane. Since the target of a telescope is very small compared with the imaging distance, the space translation invariance (also known as memory effect [32, 33] ) of system is satisfied, so we have
where ⊗ denotes the operation of convolution.
And the second-order spatial intensity autocorrelation function of the measured intensity distribution is
where
is the second-order correlation function of the incoherent intensity impulse response distribution, and h E (r; r 0 ) is the pointspread function (PSF), · · · is the ensemble average over spatial domain. Assuming that the point-spread function h E (r; r 0 ) through the spatial random phase modulator obeys the the complex circular Gaussian distribution in spatial domain [28] ,
h (r + ∆r, r ′ 0 ; r, r 0 ) can be written as
h (r + ∆r, r ′ 0 ; r, r 0 ) (5) with B = h I (r; r 0 ) h I (r + ∆r; r ′ 0 ) , and
is defined as the normalized second-order correlation of the incoherent intensity impulse response distribution. According to the Fresnel diffraction theorem [28] , the PSF of lensless Wiener-Khinchin telescope is
where P(r m ) is the pupil function of the spatial random phase modulator, t(r m ) = exp [j2π(n − 1)η(r m )/λ] is the transmission function of spatial random phase modulator, η(r m ) is the height of spatial random phase modulator, n is the refractive index of spatial random phase modulator.
Substituting Eq. (7) into Eq. (6) yields
with ∆r 0 = r ′ 0 − r 0 . In order to simplify the calculation, we make a convenient mathematical assumption about the form of the height ensemble average of the spatial random phase modulator R η (r m , r n ) [28] , namely let
where η(r h ) is the height of spatial random phase modulator at r h , ω and ζ are respectively the height standard deviation and transverse correlation length of the spatial random phase modulator. Thus, we obtain (full derivation in Supplementary Materials)
Take Eqs. (5)(10) into Eq. (3), we have
and
with ⋆ denotes the operation of autocorrelation. According to the Wiener-Khinchin theorem [34] , we have
Substituting Eq. (15) into Eq. (12), we obtain
Eq. (16) indicates that the Fourier transform amplitude of intensity distribution I 0 (r 0 ) in the object plane F {I 0 (r 0 )} r 0 → f r 0 can be separated from the second-order autocorrelation function of the measured intensity distribution G (2) I t (r + ∆r, r), and the resolution is determined by the normalized second-order correlation of the incoherent intensity impulse response distribution g (2) h ∆r 0 2λz 1 . In detail, we take the following sign:
For Eq.(15), we have
with a k denoting the measurement vectors of digital Fourier transform, A k = a * k a k , and X = xx * . Therefore, the object I 0 (r 0 ) can be reconstructed by utilizing phase retrieval algorithms [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . For the incoherent imaging, x is an amplitude object, which much improves the reconstruction quality with this constraint [46] .
SYSTEM ANALYSIS
Field of view(FoV) and resolution are the key parameters of imaging system, so we briefly analyze FoV and optical resolution of the Wiener-Khinchin telescope.
A. Field of View
According to the imaging model and theoretical derivation of lensless Wiener-Khinchin telescope based on high-order spatial autocorrelation of light field, FoV is limited by the memory effect range of the imaging system [32, 33, 47, 48] . In consideration of spatial random phase modulator with height distribution, the normalized intensity correlation function between different incident angles without transverse translation is given by (full derivation in Supplementary Material)
where (20) with S denoting the detecting area of the CCD detector. This equation indicates that FoV of reconstructed image is also limited by the detecting area of the CCD detector. In order to obtain a large FoV, the detecting area of the CCD detector in the lensless Wiener-Khinchin telescope is selected much larger than λz 2 ω in Eq. (19) .
B. Optical Resolution
On the base of Eq. (12), optical resolution is determined by the normalized second-order correlation of the incoherent intensity impulse response distribution g (14) . It shows that optical resolution is not only effected by the height distribution and the pupil function of the spatial random phase modulator, but also the distance between the spatial random phase modulator and the CCD detector.
According to the operation of convolution in g (2) h ∆r 0 2λz 1 , we discuss two cases separately to simplify the analysis in the following contents.
Case 1:
When the FWHM of exp −2
For a circle aperture of the spatial random phase modulator,
, and this leads to
Under this condition, FWHM of g to λz 1 /D. In words, optical resolution capability of lensless Wiener-Khinchin telescope grows linearly with the aperture of the spatial random phase modulator, and is independent on the detecting distance z 2 .
Case 2:
where the first-order approximation
Under this condition, the FWHM of g
. We see that the optical resolution grows with the detecting distance z 2 , and gets better with ω ζ increasing.
In terms of digital images, the construction of the image is also affected by the pixel size of CCD detector. Due to Eq. (12) and Fourier transform&inverse fourier transform in Eq. (15), the pixel size of CCD detector is required by 
EXPERIMENTAL RESULTS
The experimental setup of lensless Wiener-Khinchin telescope (shown in Figure 2 ) consists of a spatial random phase modulator (Thorlabs, DGUV10-220 -Ø1" UV Fused Silica Ground Glass Diffuser, refractive index n = 1.46) with height standard deviation ω = 1.1µm and transverse correlation length ζ = 44µm, a microscope objective with a magnification factor β = 10 and a numerical aperture N.A. = 0.25 which magnifies the measured intensity distribution, and a CCD detector (APGCCD) with a pixel size 13µm × 13µm, which records the magnified intensity distribution. Object is illuminated by a true thermal light source (hydrogen lamp). We have to point out that the microscope is only used to amplify the intensity distribution on the speckle plane to match the pixel size of the CCD detector, and is not necessary in some experimental conditions. In order to analyze optical resolution of lensless WienerKhinchin telescope, a double slit with a 180µm joint spacing(shown in Figure 3(a) ) was selected. Although lensless Fig. 2 . The experimental setup of lensless Wiener-Khinchin telescope. It consists of a spatial random phase modulation, a micro-objective, and a CCD detector. The target is illuminated by a true thermal light source (hydrogen lamp).
Wiener-Khinchin telescope obtains the ensemble average information of target in spatial domain, where the temporal coherence of light source isn't strictly required, it still suffers from the chromatic aberrations due to the dispersion of spatial random phase modulator during propagation. Therefore, the operating wavelength bandwidth is also explored in the experiment. We choose different operating wavelength bandwidths: λ = 532nm with bandwidths of 3nm and 10nm, λ = 550nm with bandwidths of 10nm, 25nm, and 50nm in experiment, while imaging distance z 1 = 0.15m, detecting distance between the spatial random phase modulator and detected speckle plane z 2 = 12mm, and the aperture of the spatial random phase modulator D = 8mm are fixed. Figure 3(b-f) shows the reconstruction results of the double slit with different operating wavelength by applying the same phase retrieval algorithm respectively [38] . The experimental results demonstrate that lensless Wiener-Khinchin telescope can partly tolerate the dispersion due to wider wavelength bandwidth. λ = 532nm with a bandwidth of 10nm is identified as the operating wavelength of lensless WienerKhinchin telescope in subsequent experiments.
According to Eq.(21), optical resolution is affected by the aperture of spatial random phase modulator. Therefore, we change the aperture of the spatial random phase modulator to observe the change of optical resolution. Five different apertures (D = 4mm, 4.5mm, 5mm, 6mm, 8mm) are set accordingly, and the reconstructed images are shown in Figure 4 (b-f) respectively, while z 1 = 1.1m and z 2 = 60mm are fixed. These parameters are selected in accordance with Case 1, and according to Eq.(23), the corresponding optical resolution with different apertures of the spatial random phase modulator is shown in Figure 5 , where the FWHMs for D = 4.5mm, D = 5mm, D = 5.5mm, D = 6mm and D = 8mm are 150µm, 134µm, 121µm, 100µm and 75µm, respectively. Figure 6 shows the optical resolution comparison between theoretical result and experimental result with D = 5mm, where the red line is a cross-section curve of Figure 4(d) . The experimental results shows that double slit can be distinguished with aperture D = 5mm, and optical resolution will be higher with wider aperture of the spatial random phase modulator, which verifies the previous analysis for Eq. (23) .
Optical resolution is also mainly affected by the distance between the spatial random phase modulator and the detected 4mm, 6mm, 8mm, 10mm, 12mm) are set, and the reconstructed images are shown in Figure 7 (b-f) respectively, while the imaging distance z 1 = 0.3m and the aperture of the spatial random phase modulator D = 8mm are fixed. These parameters are selected in accordance with Case 2, and according to Eq.(23), the corresponding optical resolution with different distances is shown in 8, where the FWHMs for z 2 = 4mm, z 2 = 6mm, z 2 = 8mm, z 2 = 10mm and z 2 = 4mm are 313µm, 211µm, 160µm, 129µm and 108µm, respectively. Figure 9 shows the optical resolution comparison between theoretical result and experimental result with detecting distance z 2 = 8mm, where the red line is a cross-section curve of Figure 7(d) . The experimental result shows that the double slit can be distinguished with detecting distance z 2 = 8mm, and optical resolution will get better with the increased detecting distance between the spatial random phase modulator and detected speckle plane, which is consistent with analysis for Eq.(23). For a telescope, the imaging distance z 1 is nearly infinitely far away, which means z 1 ≫ z 2 , so the resolution g
Therefore, we take an object 'GI' (shown in Figure 10 (a)) in the focal plane of an optical lens to experimentally simulate the target placed infinitely far away. The target can be well reconstructed, which is shown in Figure 10(b) . In order to verify the imaging capability of lensless WienerKhinchin telescope, images of two targets ('π' and 'panda') are shown in Figure 11 , which are still illuminated by the true thermal light (hydrogen lamp). Different parameters are selected for the two targets. For the 'π', z 1 = 0.5m, the distance between the spatial random phase modulator and detected speckle plane z 2 is 2mm, and for the 'panda', z 1 = 1.5m, the distance z 2 is 3mm. The reconstructed images of 'π' and 'panda' are shown in Figure 12 respectively. The experimental results in Figure 12 demonstrate the imaging capability of the lensless Wiener-Khinchin telescope for natural targets. Reconstructed images of (a) 'π' and (b) 'panda'. For the 'π', z 1 = 0.5m, the distance between the spatial random phase modulator and detected speckle plane z 2 is 2mm. For the 'panda', z 1 = 1.5m, the detecting distance z 2 is 3mm.
CONCLUSION
In this paper, we have proposed and demonstrated a novel and simple optical imaging system: lensless Wiener-Khinchin telescope based on high-order spatial autocorrelation of light field. It modulates the true thermal light from each point of the object into a spatial pseudo-thermal light based on spatial random phase modulation, and acquired the information of the object from the second-order spatial intensity autocorrelation of light field in a single-shot measurement. The FoV and resolution of lensless Wiener-Khinchin telescope are quantitatively characterized, analyzed, and compared with experimental results in this paper. Comparing with lensless compressive sensing imaging [8, 13, 14, 22] and lensless ghost imaging [11, 12, 23] , the measurement matrix and calibration process is not required in lensless Wiener-Khinchin telescope, while the FoV of lensless Wiener-Khinchin telescope is limited by the memory effect of system. Lensless Wiener-Khinchin telescope can be applied in many applications, such as the astronomical observation, remote sensing and X-rays imaging. Moreover, regarding the spatial random phase modulator as the scattering medium, the framework of lensless Wiener-Khinchin telescope may af-ford a starting point for a quantitatively description of scattering imaging [49] [50] [51] [52] [53] .
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